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POLYCYSTIN
LumenEpithelial cell polarity is essential for the establishment and maintenance of morphological and functional
asymmetries that underlie normal renal structure and function and are brought about by the appropriate
delivery of growth factor receptors and ion and ﬂuid transporters and channels to apical or basolateral cell
membranes. The fundamental process of cellular polarization is established early during development and is
controlled by sets of evolutionarily conserved proteins that integrate intrinsic and extrinsic polarity cues.
Specialized structural domains between adjacent cells and cells with their matrix, termed adherens junctions
(AJ) and focal adhesions (FA), respectively, are formed that contain speciﬁc components of multi-molecular
complexes acting as sites to recruit proteins and to activate intracellular mechano-transduction pathways.
Regulation of these processes results in tight spatio-temporal control of renal tubule growth and lumen
diameter. Abnormalities in macromolecular polarization complexes lead to a variety of diseases in different
organs, a common example of which is Polycystic Kidney Disease (PKD), where epithelial cysts replace normal
renal tubules. Membrane protein polarity defects in Autosomal Dominant (AD) PKD include the mis-
polarization of normally basolateral membrane proteins to apical, lumenal membranes, such as epidermal
growth factor (EGFR/ErbB) receptors and Na+K+-ATPase-α1 subunit; mis-polarization of normally apical
membrane proteins to basolateral membranes, including the Na+K+2Cl− (NKCC1) symporter; and the failure
to trafﬁc and insert proteins into membranes resulting in their intracellular accumulation, such as E-cadherin
and the β1 subunit of Na+K+-ATPase. Abnormalities in structural AJ, FA and polarity complexes in ADPKD
epithelia include loss of E-cadherin, and focal adhesion kinase (FAK),MALS-3, Crb andDlg complexes aswell as
disruptions in Rab/sec and syntaxin trafﬁcking andmembrane docking pathways. Since proper polarization of
epithelial cells lining renal tubules is essential for normal kidney development and differentiation to prevent
abnormal cystic dilation, interventions to reverse polarity defects to normal would offer therapeutic
opportunities for PKD. This article is part of a Special Issue entitled: Polycystic Kidney Disease.stic Kidney Disease.
8591.
l rights reserved.© 2011 Elsevier B.V. All rights reserved.1. Introduction
The generation and maintenance of asymmetric polarity along the
apico-basal axis is a ubiquitous and fundamental requirement for
many cellular processes including epithelial barrier function, cell
migration, asymmetric cell division and morphogenesis in tissues and
organs such as the kidney. Recent studies in Caenorhabditis elegans and
Drosophila melanogaster have led to the realization that many of the
proteins involved in the establishment of epithelial polarity have been
highly conserved in evolution leading to the utilization of many
commonmechanisms across species. In themammalian kidney, highly
ordered apico-basal polarization of the epithelia lining renal tubules is
essential for the uni-directional vectorial transport of ions and ﬂuids
that provides the basis for appropriate regulated reabsorptive and
secretory function of the normal kidney. For instance the epithelialsodium channel (ENaC); the cystic ﬁbrosis chloride transporter, CFTR;
the Na+/H+ antiporter (NHE3); H+-ATPase; and the aquaporin water
channel, AQP-2, are normally localized on apical renal tubule cell
membranes while Na+K+-ATPase; the Cl–/HCO3– co-transporter
(AE1); the Na+K+2Cl− symporter (NKCC1); and Epidermal Growth
Factor Receptors (EGFR) are localized on the basal cell membranes of
normal renal tubule epithelia. Epithelial cell polarity is accomplished
early during embryonic developmental stages in the kidney by the
insertion of numerous transporters, channels, matrix and growth
factor receptors into the structurally and biochemically distinctive
apical or basolateral surface plasma-membrane domains, the integrity
of which are separated and maintained by a specialized, occluding,
adherent junctional complex in the plane of the membrane.
The purpose of this review is to discuss the abnormalities in apico-
basal cell polarity seen in ADPKD in relation to our current knowledge
of mechanisms controlling normal epithelial cell polarization. For a
more comprehensive analysis of the extensive literature on the
molecular cell biology of epithelial polarity, the excellent recent
reviews by Mellman and Nelson [1] and Bryant and Mostov [2] are
highly recommended.
Table 2
Membrane polarity in ADPKD and ARPKD.
Cellular protein polarity Molecule Class
Mis-localization from basolateral
to apical membranes
Na+K+-ATPase α1
subunit
Transporter
Na+K+-ATPase β2
subunit
Transporter
EGFR (ErbB1/ErbB1) Growth factor
receptor
EGFR (ErbB2/ErbB1) Growth factor
receptor
PC-1 Cystoprotein
Calpactin (lipocortin)
1, 2.
Cytoskeletal
Ankyrin, Fodrin Cytoskeletal
E-cadherin Adherens junction
Integrin Extracellular matrix
receptor
FAK Focal adhesion
signaling enzyme
Laminin-5 Matrix
MMP-2 Matrix degradative
enzyme
Mis-localization from apical to
basolateral membranes
NKCC1 Transporter
Cathepsin B, L
(secreted)
Lysosomal protease
Failure in membrane polarization:
cytoplasmic retention
Na+K+-ATPase β1
subunit
Transporter
p-ErbB2 Growth factor
receptor
PC-1 Cystoprotein
E-cadherin Adherens junction
Rab (sec) 6, 8,10 Trafﬁcking GTPase
Unchanged polarity: at basolateral
membrane
Collagen, I, IV Extracellular matrix
Heparan sulfate
proteoglycan
Extracellular matrix
Integrins α2, α6, β1 Extracellular matrix
receptor
Unchanged polarity: at apical
membrane
H+-ATPase Transporter
CFTR Transporter
Aquaporin 2, 1 Channel
NHE3 Transporter
GPI-anchored: alkaline
phosphatase
Enzyme
5′-nucleotidase Enzyme
Trehalase Enzyme
Multidrug resistance
transporter
Transporter
1240 P.D. Wilson / Biochimica et Biophysica Acta 1812 (2011) 1239–12482. Disruptions of apico-basal polarity in diseases
Since apico-basal polarity is an early, characteristic feature of
epithelial organs, it is not surprising that disruption of polarization
can lead to cell and organ dysfunction and disease (Table 1). The
resulting pathophysiological states may be the result of either genetic
or acquired defects in polarity. The mis-sorting and insertion of a
variety of transporters, channels and receptors into the “wrong” cell
surface membrane has been implicated in many diseases, including of
Na+K+-ATPase, Na+K+2Cl− cotransporter (NKCC1) and EGFR in
PKD; of the renal outer medullary K+ (ROMK) channel or chloride
(ClC-Kb) channel in Bartter's syndrome; of H+-ATPase in Dent's
disease; of low density lipoprotein receptor (LDLR) in familial
hypercholesterolemia; of sucrase–isomaltase in congenital sucrase-
isomaltase deﬁciency; and of rhodopsin in retinitis pigmentosa
[1,3–5].
The failure of transporters, channels or receptors to polarize
correctly to either membrane and thereby to accumulate in the
cytoplasm can also cause disease and organ malfunction such as for
CFTR mutations (delta-508 or term-PDc) in cystic ﬁbrosis; and
Na+K+-ATPase in acute kidney injury [6,7]. Defects in normal
membrane protein polarization can also result from underlying
defective apical membrane recycling, such as of βENaC in Liddle's
syndrome [8] and of transferrin receptor in microvillus inclusion
disease [7]. The nature and outcome of these defects, lead to the
conclusion that the appropriate membrane polarization of ion and
ﬂuid transporters, channels and receptor proteins is essential for
normal epithelial function and requires the appropriate integration of
several cellular processes including appropriate intracellular trafﬁck-
ing, protein docking, membrane insertion and removal.
Disruption in apico-basal polarity associated with cystic develop-
ment is characteristic of both PKD and of cancer development where it
has often been correlated with increased proliferation [9,10]. Renal
cysts are also a common feature of Von Hippel–Lindau syndrome and
renal cell carcinomas. In ADPKD, numerous studies have concluded
that renal cystic dilation is a function of inappropriately increased
epithelial cell proliferation and apical (lumenal) secretion of ﬂuid in
the presence of an abnormal extracellular matrix (ECM, reviewed in
[11]). Early studies in human ADPKD tissues and epithelial cells
suggested this was brought about, at least in part, by the mis-
polarized distributions of activated EGFR, Na+K+-ATPase and
Na+K+2Cl− (Table 2) that functioned in concert with the normally
apically polarized CFTR chloride and AQP-2 water channels to bring
about abnormal hyper-proliferation of cyst-lining epithelia and ﬂuid
secretion in to cystic lumens [12–16]. Subsequently, these abnormal-
ities of apico-basal polarity have been observed in a variety ofTable 1
Polarity defects in disease.
Polarity defect Protein Disease
Missorted from apical
to basolateral membrane
ClC-Kb Bartter's syndrome
Sucrase-isomaltase
(SI)
Congenital SI deﬁciency
H+-ATPase Dent's disease
NKCC-1 ADPKD
Missorted from Basolateral
to Apical membrane
ROMK Bartter's syndrome
Polycystin-1 ADPKD
EGFR (ErbB1) ADPKD, ARPKD
ErbB2 ADPKD
Na+K+-ATPase ADPKD, ARPKD
LDLR Familial
hypercholesterolemia
Rhodopsin Retinitis pigmentosa
Disruption of Apical
membrane recycling
βENaC Liddle's syndrome
Transferrin receptor Microvillus inclusion disease
Failure of membrane
delivery
CFTR Cystic ﬁbrosisgenotypic and phenotypic mouse models of ADPKD as well as in
human and mouse models of autosomal recessive (AR) PKD [17].
The EGFR (ErbB)-family proteins ErbB1 and/or ErbB2 have not
only been detected on the apical plasma-membranes of all human and
animalmodel PKD cystic epithelia but have also been demonstrated to
be over-expressed at a transcriptional level, to be constitutively
activated by phosphorylation on tyrosine residues and to be defective
in down-regulation by internalization [12,18,19]. EGF receptors
function at cell membranes in response to binding EGF family ligands
by forming dimeric complexes that become activated by auto-
phosphorylation. By contrast to normal renal epithelia where ErbB1/
ErbB1 homodimers are targeted to basal-membranes; in ADPKD
epithelia ErbB1/ErbB2 heterodimers are targeted to apical epithelial
cell membranes [20]. The precise molecular mechanisms whereby
ErbB-family dimers are targeted to polarized membranes are not fully
understood. Although in C. elegans it has been shown that the
LIN2/7/10 complex targets EGFR to basolateral membranes, the
mammalian ortholog of LIN2 (CASK) does not appear to be essential
for its basal polarization, at least in intestinal cells [21]. Interestingly,
activated ErbB2 can bind directly to Par-6, a component of the
epithelial polarity complex, to β-catenin and to β4-integrin matrix
receptors, and has been shown to disrupt apico-basal polarity and to
promote cell proliferation in breast tumors suggesting a widespread
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proliferation [22,23].
Na+K+-ATPase functions as a heterodimeric protein complex
comprised of α and β subunits. In normal adult kidney tubules α1/β1
heterodimers are targeted to basally directed intracellular trafﬁcking
vesicles and inserted into basolateral membranes where they are
stabilized by the membrane cytoskeletal proteins ankyrin and fodrin
(spectrin) [24,25]. By contrast, in human ADPKD cysts, α1/β2
heterodimeric complexes are targeted to apically directed vesicles
and stabilized at apical membranes by apically mispolarized ankyrin
and fodrin [9]. Although the β1-subunit of Na+K+-ATPase is
synthesized in cystic ADPKD epithelial cells, it does not efﬁciently
form complexes with enzymatically active α1 subunits, resulting in
the cytoplasmic accumulation of β1-Na+K+-ATPase. Apical mem-
brane-associated Na+K+-ATPase α1-subunit immuno-protein has
been demonstrated in human ADPKD and ARPKD; in c-Myc transgenic
(SBM), glucorticoid-induced and other phenotypic mouse models of
ADPKD; in the Cpk phenotypic mouse model of ARPKD which has a
mutation in the ciliary protein, cystin, as well as in cystic zebraﬁsh
[3,14,26–31]. Interestingly, in human ADPKD and many animal
models, apical Na+K+-ATPase protein and activity was most
commonly seen in small highly proliferative cysts from younger
animals or human subjects in the early (pre-dialysis) stages of disease
[29,32]. Evidence of missorting and cytoplasmic accumulation has
also been noted and in human ADPKD andwas shown to be due to the
accumulation of the β1-subunit of Na+K+-ATPase in the endoplasmic
reticulum [14,29].
In addition to the abnormal apical mislocalization of many proteins;
including ErbB, Na+K+-ATPase, FAK, collagen, laminin, matrix metallo-
proteinase (MMP)-2 and cathepsin B; abnormal basal localization of
normally apical proteins such as the Na+K+2Cl− (NKCC1) symporter
and cathepsin L have been demonstrated in cysts in human, animal and
zebraﬁshmodels of ADPKD ([4,33–36] andTable 2). Furthermore, other,
normally polarizedmembraneproteins, accumulate in the cytoplasm, in
the endoplasmic reticulum or Golgi apparatus including the β1-
subnunit of Na+K+-ATPase; Polycystin-1; ErbB2; E-cadherin, sec6 and
sec8 [14,37,38]. The balance of apical versus basolaterally-directed
membrane protein trafﬁcking is regulated, at least in part, by small
GTPases of the sec (Rab) family in concert with an 8-member protein
complex termed the exocyst via interactions with cytoskeletal regula-
tory proteins of the Rho/Rac/Cdc42 families. Interestingly, abnormalities
in sec6, sec8 and the exocyst have been demonstrated in ADPKD and
cystic epithelia [37,39].
It is clear that the polarity defect in PKD is complex, since although
there is mis-localization and/or cytoplasmic accumulation of certain
speciﬁc proteins, many others retain their normal polarized distribu-
tions. The latter, normally polarized group includes the apically-
localized cAMP-dependent chloride channel (CFTR), alkaline phospha-
tase, leucine aminopeptidase and other glycophosphatidyl-inositol
(GPI)-linked membrane proteins; as well as many basally-located
integrin, proteoglycan and dystroglycan matrix receptors (Table 2).
3. Structural mechanisms of epithelial cell polarization
3.1. Polarity complexes
In normal development, the establishment, stabilization and
maintenance of a functional polarized epithelium ﬁrst requires the
deﬁnition of cell membrane asymmetry by structural separation of
apical from basolateral domains. This process is ubiquitous in epithelia
and occurs in response to both external and internal cues. Epithelial
polarity is ﬁrst established very early in embryonic development, at
the blastocyst stage and inmetanephric kidney development from the
vesicle stage. The ﬁrst structural evidence of apico-basal polarity is the
formation of adherent junctions (AJ) on lateral membranes between
neighboring proto-epithelial cells. This structure provides an intra-membrane protein diffusion barrier in the plane of the cell membrane
lipid bilayer and physically marks the separation between apical and
basolateral domains. In different organisms, organs and tissues, many
common as well as some cell-type speciﬁc mechanisms are utilized to
bring about this cellular specialization. In renal epithelia, after the
initial formation of the AJ, a further occluding specialization termed
the “tight junction” (TJ) is formed proximal to the AJ comprising
together, the apical junctional complex (AJC) (Fig. 1). These sites
provide foci for the recruitment of several proteins into multi-
molecular complexes containing structural, adaptor, signaling and
cytoskeletal proteins as well as cystoproteins of the Polycystin (PC),
Fibrocystin and Nephrocystin families. Similarly, at the basal cell
membrane interface with the extracellular matrix (ECM), dynamic,
structural focal adhesion (FA) complexes form that act as a nexus for
the recruitment of numerous proteins structural, signaling, actin-
binding and cystoproteins (Fig. 1). It is of interest and importance that
in normal kidneys, the cystoproteins PC-1, PC-2, ﬁbrocystin and
nephrocystins-1 and -2 (inversin) that are encoded by PKD1, PKD2,
PKHD1, NPHP1 and NPHP2 genes, respectively, are detected as
components of AJ and FA-multimolecular complexes and that AJ and
FA composition, activation and function is abnormal in ADPKD, ARPKD
or nephronopthisis AJs and FAs [33,37,40–42].
Adherens junctions mediate cell–cell contact at the lateral cell
membrane by means of calcium-dependent homophilic interactions
between epithelial (E)-cadherin molecules. This has been shown in
experimental cell systems not only to trigger polarized delivery of
basolateral membrane proteins [43] but also to direct apical
polarization in the cytoplasm of both the Golgi complex and the
microtubule organizing center [44]. On its intracellular face, the
transmembrane protein, E-cadherin binds to p120-catenin, β-catenin
andα-catenin in a dynamically regulated complex coupled to the actin
cytoskeleton [45,46]. In renal epithelia, the cystoproteins polycystin
(PC)-1 and PC-2 as well as nephrocystin-2 are also recruited to the
E-cadherin complex and play a role in triggering intracellular signaling
on the canonical Wnt/βcatenin pathway resulting in TCF-LEF-driven
transcription [47–51].
At the cell–matrix interface, attachment of an epithelial cell to the
ECM is facilitated via heterodimeric (αβ)-integrin receptor trans-
membrane protein clustering, formation of focal adhesion complexes
by binding of proteins to the intracellular domain of β-integrins,
thereby linking cellular matrix receptors to the actin cystoskeleton.
Intracelluar signaling is mediated via focal adhesion complex proteins
such as FAK, c-src and paxillin and results in activation of intracellular
targets such as the extracellular regulated kinase (ERK) and jun N-
terminal kinase (JNK)-mitogen activated kinases (MAPKs), followed
by transcriptional regulation via AP-1 [52]. These signaling pathways
have direct impact on cell proliferation, survival, spreading and
migration. In renal epithelia the cystoproteins PC1-1, PC-2, ﬁbrocystin
and nephrocystin-1 have been detected in focal adhesion complexes
and are thought to contribute to the regulation of JNK/AP-1, AKT,
mTOR and CREB [33,40,53–58].
After establishment of the architecture of polarized epithelia by AJ
and FA assembly, further stabilization and specialization can be
brought about by the formation of TJs on the proximal (apical) aspect
of the AJ at the apico-lateral cell membrane (Fig. 1). The TJ functions to
control paracellular permeability across renal epithelial sheets and is
comprised of the transmembrane proteins occludin and claudin, and
the cytoplasmic zonula occludens (ZO) proteins ZO-1, -2 and -3 [46].
The so-called “polarity complex” proteins involved in AJ macromo-
lecular complexes that are essential for the formation of a TJ have been
evolutionarily conserved [59]. The ﬁrst macromolecular complex to
form as a precursor of the TJ and even in the absence of AJ formation, is
made up of the mammalian homologues of the C. elegans partitioning
defective (PAR) proteins, Par3 and Par6 that bind to each other via
their PDZ domains and also to atypical protein kinase C (aPKC) [60,61].
This Par3/Par6/aPKC complex then interacts with an apical-deﬁning
Fig. 1. Schematic of macromolecular polarity complexes in a normal epithelial cell. Locations of cystoproteins PC-1, PC-2, Fibrocystin and nephrocystin are depicted on apical.
(ciliary), lateral and basal membranes. TJ = tight junction; AJ = adherens junction; ECM = extracellular matrix.
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(Crb) that in turn binds via its PDZ domain to the guanylate kinases
PALS1 and PATJ [62]. These macromolecular complexes are stabilized
on their cytosolic face by linking to the actin cytoskeleton via small
GTPases such as Rac or Cdc42 [63].
In addition to the apicalmacromolecular complexes Par3/Par6/aPKC
and Crb/Pals1/PatJ, an additional macromolecular complex has now
been identiﬁed that delineates the basolateral membrane. This is also
comprised of evolutionarily conserved proteins, termed Scribble (Scr),
Large Giant Larvae (LGL) and discs large (DLG) [64]. This complex is
regulated by phosphorylation and is stabilized by interaction on its
cytosolic face with the basal-speciﬁc SNARE fusion protein, syntaxin-4.
In renal and other cells containing Na+K+-ATPase, further stabilization
of basolateral complexes, has been shown to be brought about byinteractionswith adaptor, scaffolding proteins such as ankyrin that then
interact with the sub-membranous actin-binding cytoskeletal protein
fodrin (spectrin).
3.2. Polarity complexes in PKD
In ADPKD cyst-lining epithelia both the apico-lateral AJ and the
basal FA are abnormal. Epithelial (E)-cadherin is lost from cell–cell AJ
contacts where it is replaced by its embryonic isoform, N-cadherin
(Fig. 2). This then leads to alterations in both the phosphorylation and
stabilization at the lateral membrane AJ of PC-1 [48]. In addition,
E-cadherin is internalized and mislocalized to the apical plasma-
membrane in ADPKD cells [37], a situation similar to that associated
with cancer [65] with src-mediated phosphorylation of E-cadherin
Fig. 2. Schematic of polarized membrane-associated proteins in normal and ADPKD cells. Apical mislocalization of NaK-ATPase α1/β2; ErbB1/2; rab6/8; syntaxin 4; ankyrin/fodrin.
Loss of MALS-3 from apico-lateral polarity complex. Replacement of E-cadherin by N-cadherin at lateral adherens junction (AJ). Loss of pFAK from focal adhesions (FA).
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In addition, the polarization of lateral, cytokeratin-linked, PC1, PC2-
containing desmosomal macromolecular complexes are abnormal
[68,69]. The protein composition of the FA is also deﬁcient in ADPKD
epithelia due to a loss of FAK from integrin/PC-1-containing macro-
molecular complexes (Fig. 2 and [40,70]). The loss of phosphorylation
of FAK-complexes leads to altered epithelial cell shape, adhesion and
migration associated with defective (cystic) morphogenesis in both
ADPKD and ARPKD [33,40,71].
In addition to evidence of polarity abnormalities in human ADPKD
and ARPKD kidneys and derived cell lines, direct genetic evidence
frommutantmice has also conﬁrmed the importance of compromised
integrity of apico-basal macromolecular complexes and pathways in
renal cystic disease (Table 3). Most importantly, mice lacking the
polarity complex-interacting PDZ-protein, MALS-3 (the human
orthologue of Lin7c), develop cystic and ﬁbrotic kidneys [72]. Since
MALS-3 is a core component, mediating stable assembly of both the
apical-deﬁning Crb- and basal-deﬁning DLG-polarity complexes, this
substantiates a fundamental role for the establishment of appropriate
apico-basolateral epithelial cell polarity in the prevention of renal
cystic development associated with PKD. This is further suggested byTable 3
Polarity-related mutant mice with renal cystic disease.
Gene Activation/Inactivation Protein localization/activity
Mals-3 Inactivation Apical (CRB) and basal (DLG)
polarity complexes
Dlg Inactivation Basal polarity complex
β-Catenin Over-expression Adherens junction (AJ)
Apc Inactivation AJ
α3β1-Integrin Inactivation Focal adhesion (FA)
Tensin Inactivation FA
Laminin-α5 Inactivation Extracellular matrix (ECM)/FA
RhoGDIa Inactivation Actin cytoskeleton
Taz Inactivation Actin cytoskeleton
ErbB2 Overexpression Membrane, AJ(Par6), FA
(β4-integrin), cilia
pY-ErbB1 Overexpression Membrane
Pkd1 Inactivation, overexpression AJ, FA, cilia
Pkd2 Inactivation Membrane, AJ, FA cytoplasm, cilia
Pkhd1 Inactivation Membrane, AJ, FA
Nphp1 Inactivation FA
Nphp2 Inactivation AJ
Cpk Inactivation Cilia
Tg737 Inactivation Cilia
Kif3α Inactivation Cilia, microtubulesthe observation of renal cystic development in mice mutant for the
AJ-related genes of β-catenin and adenomatous polyposis coli (APC);
of the FA-related genes encoding α3β1-integrin, tensin and lami-
nin-α5 and actin cytoskeletal assembly-related genes RhoGD1α and
TAZ ([73–78] and Table 3). Recently, the transcriptional regulator, TAZ
has also been shown to couple the Crb complex to TGFβ signaling via
the Hippo pathway [79].
Macromolecular polarity complexes have not only been shown to
act as foci for recruitment of the cystoproteins PC-1, PC-2, ﬁbrocystin-
1 and inversin, but also of ErbB family proteins and of the NaK-
ATPase-α1 subunit, both of which are apically mispolarized in ADPKD
and ARPKD epithelia. In human ADPKD kidneys, it has been shown
that apical mislocalization of Na+K+-ATPase is also associated with
apical mis-localization of the trafﬁcking protein syntaxin-4, and the
stabilizing membrane cytoskeletal proteins, ankyrin and fodrin
[3,80,81]. Activated (phosphorylated) ErbB2 receptor has been
shown to bind directly to Par6, to recruit aPKC, to disrupt apico-
basal polarity and, in transgenic mice overexpressing activated ErbB2,
to lead to renal cystic disease [22]. Furthermore, loss of polarity
associated with ErbB2-mediated proliferation has been shown to be
promoted by β4-integrin binding [23]. These ﬁndings are consistent
with the recognition that crosstalk between cell–cell and cell–matrix
adhesion mechanisms and signaling pathways are of critical impor-
tance in determining appropriate epithelial cell polarity [82]. With
respect to ADPKD, since direct binding of ErbB1 and NaK-ATPase-α1
to the intracellular C-terminal tail of PC-1 have been demonstrated in
normal renal epithelia ([83] and Dr Xiaohong Li, personal communi-
cation) and ErbB1 has been localized to primary cilia complexed with
PC-2 [84] it has been proposed that appropriate component structure,
function and spatio-temporal regulation of cystic protein/ErbB/
Na+K+-ATPase complexes at the AJ, FA and primary cilia are essential
for the development of a normally polarized renal tubule epithelium
[11].
4. Intracellular polarization pathways
Aswell as the importance of structural composition, localization and
stabilization of epithelial cell–matrix, cell–cell and polarity complexes,
intracellular molecular processing, and sorting into vesicular trafﬁcking
vesicles are essential for appropriate polarized delivery of proteins to
distinct plasma-membrane domains [85–87]. Membrane proteins are
synthesized in the endoplasmic reticulum where they can form
multimeric complexes that are then processed through the Golgi and
sorted into speciﬁc sets of apical or basolaterally-directed vesicles by
speciﬁc molecular sorting motifs. Polarized trafﬁcking to speciﬁed
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proteins of the Rab/sec family in association with the exocyst complex
and to be regulated by cytoskeletal mediators such as Cdc42, Rac and
RhoA. For instance, in normal polarized epithelia, Rab8, Rab10, Rab11,
Rab14, Rab17 and Rab 25, annexin-13 and syntaxin-3 have been
reported to regulate apical protein delivery and transport, while Rab6,
Rab8, Rab10, Rab11 and syntaxin-4 are associated with basolateral
protein localization and trafﬁcking [81,88,89]. Although roles for Rab8,
Rab 10 and Rab11 have also been identiﬁed in trafﬁcking to apical
epithelial cell cilia relatively little is known about themolecular basis of
intracellular pathways regulating polarized trafﬁcking of cystic protein-
containing polarity complexes in ADPKD. In this context, recent studies
suggesting the distinction between intracellular trafﬁcking routes of PC-
2 to ciliary versus non-ciliary plasma membranes suggest interesting
speciﬁcity [90]. Although some studies have suggested that PC-2may be
coordinately regulated with PC-1, with which it can form complexes, it
remains controversial whether PC-2/PC-1 interactions are required for
the membrane targeting or function of PC-1. Interestingly, syntaxin-5
has been shown to regulate endoplasmic reticulum release of PC-2 and
abnormalities in Rab6/Rab8 trafﬁcking proteins and in syntaxin-4 have
been reported in ADPKD cells in association with the exocyst that
determines an apical docking andmembrane protein-tethering domain
in cystic epithelia [39,50,80]. There is also accumulating evidence of
several cytoskeletal abnormalities in ADPKD cells, such as in actin
microﬁlament, membrane cytoskeletal and cytokeratin scaffolds aswell
as in microtubules, all of which are involved in aspects of vesicle
transport, trafﬁcking and membrane domain stabilization consistent
with defective polarized protein sortingmachinery in ADPKD cells [91].
Recently, it has also been shown that there is signiﬁcant interplay
between tyrosine kinase signaling and cell polarity and that this may be
aberrant in PKD. For instance, c-Src,which is hyper-active inADPKDand
ARPKDcanphosphorylate Par-3 [67,71]; and activation of thePar6/aPKC
polarity complex by inappropriately expressed pY1201-ErbB2 disrupts
epithelial apico-basal polarity [22,88].5. Centrioles and cilia
The necessity for tight control of apico-basal polarity does not only
apply to epithelial cell surface membrane proteins but also to the
positioning of organelles including the Golgi apparatus, primary cilia,
centrosomes, and of the spindle during mitosis. The direction of
mitotic cell division is determined early in mitosis and is regulated by
intracellular signals that deﬁne not only polarity within the plane of
the epithelium [see Jenkins andWinyard; Peters in this issue] but also
by signals that deﬁne apico-basal polarity [93]. For instance, it has
been shown that the polarity protein Par3 is required for apical
centrosome positioning, associated with microtubules [94].
Similarly, it has been shown that planar cell polarity (PCP) signaling
factors are associatedwith the orientation of cilia it has also been shown
thatPCPcomponents are commonly required for theestablishment and/
or maintenance of apico-basal polarity [95] and that ciliogenesis
requires and is regulated by Crb3 in concert with Par3/Par6/aPKC
complexes [96]. Taken together with evidence of the presence of cystic
protein (PC1, PC-2)/integrin complexes, Rab8, Rab10, Rab11 the exocyst
and Crb3 with intraﬂagellar transport (IFT) proteins in primary cilia on
the apical surface of renal tubular epithelial cells, a possible overlap
between the mechanisms of PCP and apico-basal polarity has been
suggested [39,92,94,97,98]. This notion is further supported by the
observation that mouse prickle-1 (mpk1), a core component of the PCP
pathway that interacts with vangl2/stbm and regulates cell movement
andmorphogenesis in tissue development, is required for normal apico-
basal polarity, cell shape, ECM protein localization and mitotic spindle
partitioning [92,95].
The integration of PCP and ciliary function is clearly essential for
normal renal tubule differentiation and function and is disrupted inADPKD with regard to intracellular ion transport and cell signaling,
discussed in detail elsewhere (Nauli et al. in this issue; [99]).6. Renal development, differentiation and morphogenesis
The spatio-temporal establishment of epithelial cell polarity is
critical for renal tubule development and appropriate morphogenesis
and function of the kidney. The induction and differentiation of renal
tubules derives from reciprocal signaling between the ureteric bud tips
and the undifferentiatedmetanephric mesenchyme (MM). The ureteric
bud (UB) undergoes regulated elongation and branching while the
mesenchymeundergoesmesenchymal to epithelial transdifferentiation
(MET) to form comma-shaped bodies, vesicles and S-shaped bodies
from which glomeruli and renal proximal and distal tubules are
differentiated [100]. The ureteric bud differentiates into the collecting
ducts. Coordination of cellular proliferation, cell–matrix and cell–cell
adhesion, epithelial polarization and regulatedmigration is required for
normal cell differentiation, branchingmorphogenesis, anddevelopment
of segmented renal tubules with appropriate lumen diameters. Apico-
basal polarization of the epithelial cells lining renal tubules facilitates
the appropriate and timely insertion of channels, transporters and
growth factor receptors into apical and basolateral membranes to
facilitate the correct levels of proliferation and vectorial transport of ions
and ﬂuids. Interestingly, in normal fetal metanephric development,
different membrane proteins become polarized at different rates. For
instance, while the AQP-2water channel is polarized to its ﬁnal location
at the apicalmembrane of UB-derived collecting tubules by 12 weeks of
gestation; the AQP-1 and CFTR proteins of the MM-derived proximal
tubules are cytoplasmic at this stage and not polarized to their ﬁnal
apical membrane sites until after birth [13,101]. It also seems that
different factors may be associated with the polarization of different
renal segments, in that MALS-3 has been shown to preferentially
regulate apico-basal polarity in MM-derived epithelial cells [72]. In
addition, speciﬁc fetal isoformsof proliferative and ion transport-related
proteins are normally, often down-regulated after birth, including the
β2-subunit of Na+K+-ATPase and the ErbB2 receptor proteins.
Of interest and signiﬁcance the transcriptional up-regulation of
both Na+K+-ATPase β2 and of ErbB2 in renal tubules is associated
with apical membrane polarization of Na+K+-ATPase and EGF
receptors, respectively in normal fetal, ADPKD and ARPKD kidneys.
In addition, PC-1 and PC-2 have been shown to be developmentally
regulated and highly expressed in the developing ureteric bud of
normal fetal kidneys and substantially down-regulated in normal
adult kidneys. Furthermore, PC-1 is localized predominantly to
epithelial basal membrane FAs in fetal kidneys but to apico-lateral
AJs and cilia in adult kidneys [9,102]. These ﬁndings suggest that
cystoproteins such as PC-1 and PC-2 play an important role in
regulation of epithelial cell migration through ECM in fetal stages of
development and inmaintenance of the differentiated, polarized state
in normal adult kidneys.
Inhibition and reduction of Pkd1-encoded PC-1 during kidney
development in mice either by injection of dominant negative Pkd1
(or Pkd-2) in organ cultures or in Pkd1 knock-out and haplo-insufﬁcient
mice, leads to renal cystic tubule dilation [19,102–104]. Evidence
supports the notion that PKD1-encoded PC-1 forms multi-molecular
complexes with focal adhesion component proteins that drive cell–
matrix attachment and detachment and thus facilitate and regulate
epithelial cell sheetmigration. Cell movement ismediated by formation
of focal adhesions at the leading edge of a cell that link the extracellular
cell substrate to the intracellular actin cytoskeleton via activation of
Rho-GTPases, generating traction forces that move the cell forward due
to concomitantdisassembly of focal adhesions at the rear of the cell [52].
The inhibition of focal adhesion turnover in ADPKD (and ARPKD) has
been shown to result in cell shape changes, increased cell–matrix
adhesion and spreading; to decrease chemotactic migration and to
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result in cystic dilation of tubules [33,102,105,106].
7. Regulation of epithelial lumen morphogenesis
Disruption in cell shape and polarity has been shown to have direct
inﬂuence on lumen size (reviewed in detail in [107]). Progressive
changes in cyst-lining cell shape are a characteristic feature of ADPKD
kidneys leading to increased degrees of ﬂattening with increased age
and size of the cysts. It has also been noted that small cysts with
relatively squamous epithelia are highly proliferative while very large
cysts as seen in endstage kidneys, have predominantly ﬂattened
epithelia and are less proliferative. Each of the 1 million nephrons per
mature human kidney is made up of ~15 different epithelial cell types
with characteristic cell shapes ranging from columnar, as in the
proximal tubule and inner medullary collecting tubule; to squamous
in the thick ascending limb of Henle, distal convoluted tubule,
connecting segment and cortical collecting tubule to relatively ﬂat
in the thin limbs of Henle's loop. Lumen size varies somewhat from
closed in proximal convoluted tubules to open in collecting tubules,
due to the presence or absence of a brush border, but tubule diameters
are tightly regulated during normal development and maintained in
the adult. This is brought about by coordinated interactions between
cues received from the extracellular environment feeding into
intrinsic pathways to regulate cell architecture through the cytoskel-
etal proteins and related small GTPases. For instance, Rap1 has been
shown to be crucial for the induction of lumen formation in breast
epithelial acini [108] and Cdc42 signaling has been shown to control
apical lumen positioning in epithelial and endothelial cells
[39,109,110].
Intracellular polarity pathways have been mechanistically impli-
cated in lumen formation. It is known that Rab11a regulates apical
trafﬁc and lumen formation through the Rab guanine nucleotide
exchange factor (GEF) Rabin8 and its target Rab8a. These together
function through the exocyst to target Par3 to the apical cell surface,
activate Cdc42 and establish a transient lumen initiation site at the
apical membrane [2]. Experimental studies have also shown that
lumen formation requires the appropriate positioning and elaboration
of the epithelial AJs; spatially restricted activation of RhoA signaling
followed by actin polymerization and recruitment of TJ proteins to
differentiate the AJ of early cell–cell adhesions [111–113]. Interest-
ingly, in the absence of formation of AJs, cells migrate into the tubule
lumen [114]. Members of the Rho-GTPase family have also been
shown to exert an important role in the regulation of apico-basal
lumen polarity through ECM/FA-mediated signaling via the IRSp53
adaptor, a Par1b substrate [115].
In normal renal tubules, lumen formation during fetal develop-
mental has also been linked to the activity of apical NaK-ATPase and
ﬂuid secretion and may be further regulated by deformation of apical
primary cilia once ﬂuid ﬂow is established. After birth, cell–cell
adhesion mediated via AJs has been implicated in maintenance of
nephron segment-speciﬁc lumen diameters. In ADPKD abnormalities
in cilial structure/function and reduced cell–cell adhesion could play
important roles in loss of regulation of lumen diameters in cysts. In
addition, although there is not a complete loss of polarization of
membrane proteins in ADPKD, certain speciﬁc mis-localizations of
critical membrane proteins are seen that have severe pathophysio-
logical consequences leading to cystic dilation. This includes the apical
localization of EGF/ErbB receptors resulting in abnormalities associ-
ated with hyper-proliferation and of Na+K+-ATPase associated with
aberrant ion and ﬂuid secretion. Since renal development is associated
with high rates of proliferation and ErbB2 activation that is normally
down-regulated after birth when proliferation ceases. The expression
of ErbB2 in adult ADPKD kidneys maybe due to a failure to down-
regulate fetal genes [20,38]. This interpretation is supported by the
similar failure to down-regulate the apically polarized β2-subunit ofNaK-ATPase in ADPKD kidneys after birth [116], whichwas thought to
be associated with lumen dilation in fetal kidneys [117]. Taken
together with the inappropriate expression of other fetal genes such
as N-cadherin, Pax-2 and Wilms' tumor (WT)-1 this suggests
persistent fetal gene expression is associated with aberrant differen-
tiation and apico-basal polarity leading to the disruptions in kidney
architecture that characterize ADPKD.
8. Conclusions and perspectives
The establishment and maintenance of epithelial cell polarity are
prerequisites for normal function of all epithelial organs (reviewed in
[118]). Apico-basal membrane polarity facilitates the organization of
receptors, ion transporters, channels, signal transduction complexes,
and cytoskeletal proteins into functionally and structurally distinct
domains of the cell surface that face different compartments. In the
kidney, the tubule lumen is lined by the apical membrane and faces
outside, while the basal membrane interfaces with the ECM and faces
inside.
Development and maintenance of apico-basal polarity require
coordination of intracellular membrane trafﬁcking to facilitate spatio-
temporal balance between cell proliferation and cell death as well as
proper cell–cell and cell–matrix attachment and signaling pathways.
Cell polarity generates morphological and functional cellular asym-
metry which is essential for numerous cell functions including
asymmetric cell division, cell migration, cell differentiation, morpho-
genesis and epithelial barrier function. Aberrations in any of these
processes can disrupt tissue architecture and lead to cystic dilation
and expansion in the kidney. Cell polarity is controlled by sets of
conserved proteins that integrate intrinsic and extrinsic polarity cues
resulting in the creation of morphological and functional asymmetry.
Structural asymmetry occurs ﬁrst at the cell surface and is then
reinforced and maintained by delivery of proteins that were sorted in
the trans-Golgi to speciﬁed plasma-membrane domains. Cells
respond to and contact their environment by receptors mediating
adhesive interactions with the ECM and neighboring cells. Cell–cell
contacts mediated by E-cadherin at the AJ generate the basolateral
membrane domain, while adhesion with the ECM via the integrin-
based FA establishes apico-basal polarity through actions on the actin
cytoskeleton. Both types of adhesions bear intrinsic mechano-
sensitivity, allowing cells to respond rapidly to stress and efﬁciently
propagate signals controlling cell shape and motility. The sensing of
the apical medium in the tubule lumen via the mechano-sensory
primary cilium at the apical membrane is also likely to play a role in
polarization. Cues from the external environment are received and
integrated at the lateral, basal and apical membranes by AJs, FAs and
cilia, respectively resulting in the activation of intracellular signaling
networks. It is of note that cystoproteins PC-1, PC-2, ﬁbrocystin and
nephrocystins are also associated with AJ, FA and ciliary membrane
complexes in normal renal cells.
ADPKD is caused by the reduction in normally functioning PC-1 (in
85% of cases) or PC-2 (in 15% of cases). This is associated with
disruption of the integrity, structure and protein composition and
function of the cystoprotein-containing AJs and FAs in cyst-lining
epithelia. Since these macromolecular polarity complexes play a
critical role in the development and maintenance of apico-basal
polarity, lumen formation and tubule diameter control in normal cells,
it is not surprising that disturbances in apico-basal polarity are seen
and that cell shape, adhesion, migration and morphogenesis are
disrupted in ADPKD kidneys.
The substantial effects onErbBandNa+K+-ATPasepolarity are likely
due to the participation of these proteins in the PC-1-macromolecular
complexes that are highly expressed in the ureteric bud epithelium of
developing kidneys. Evidence that disruption of apico-basolateral
polarity can directly lead to cyst formation is suggested by the ﬁnding
thatmicewith genetically engineered knockout ofmany genes involved
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(Table 3). Similar development of renal cysts in transgenic mice that
overexpress ErbB2 could be due to effects on EGF receptor complex
polarity, although it cannot be ruled out that proliferation could alsobe a
signiﬁcant effector. Furthermore, it is feasible that primary effects on
polarity, of for instance Na+K+-ATPase, could be exacerbated by
secondary factors such as local ischemia or ﬁbrosis, factors that are
often evident in the later stages of the ADPKD disease and may be
prognostic indicators of more rapid progression to endstage renal
failure. It is considered highly likely that drug or gene therapy
manipulations that restore the normal apico-basolateral polarity of
renal epithelia at early mid- and late stages of ADPKD disease
progression would be therapeutically beneﬁcial and may alleviate or
attenuate cystic expansion and associated renal functional decline.References
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